We investigate constraints on some key cosmological parameters by confronting metastable dark energy models with different combinations of the most recent cosmological observations. Along with the standard ΛCDM model, two phenomenological metastable dark energy models are considered: (i) DE decays exponentially, (ii) DE decays into dark matter. We find that: (1) when considering the most recent supernovae and BAO data, and assuming a fiducial ΛCDM model, the inconsistency in the estimated value of the Ω m,0 h 2 parameter obtained by either including or excluding Planck CMB data becomes very much substantial and points to a clear tension (Sahni et al. 2014; Zhao et al. 2017) ; (2) although the two metastable dark energy models that we study provide greater flexibility in fitting the data, and they indeed fit the SNe Ia+BAO data substantially better than ΛCDM, they are not able to alleviate this tension significantly when CMB data are included; (3) while local measurements of the Hubble constant are significantly higher relative to the estimated value of H 0 in our models (obtained by fitting to SNe Ia and BAO data), the situation seems to be rather complicated with hints of inconsistency among different observational data sets (CMB, SNe Ia+BAO and local H 0 measurements). Our results indicate that we might not be able to remove the current tensions among different cosmological observations by considering simple modifications of the standard model or by introducing minimal dark energy models. A complicated form of expansion history, different systematics in different data and/or a non-conventional model of the early Universe might be responsible for these tensions.
INTRODUCTION
The nature of Dark energy (DE) is a key open issue in modern cosmology. The presence of DE may be required to explain an accelerating universe as suggested by observations of Type Ia Supernovae (SNe Ia) (Riess et al. 1998; Perlmutter et al. 1999) , and supported by measurements of large scale structure (LSS) and the cosmic microwave background radiation (CMB) (Spergel et al. 2003; Abazajian et al. 2004; Tegmark et al. 2004; Eisenstein et al. 2005; Komatsu et al. 2009 ). The simplest and best known candidate for dark energy is the cosmological constant Λ whose value remains unchanged as the Universe expands. While current observational data are in agreement with the standard ΛCDM cosmology, General Relativity (GR) with a cosmological constant, though being completely consistent intrinsically at the classical level and having no more problems than GR itself at the quantum level, faces some wellknown theoretical difficulties, such as the "fine-tuning" and "cosmic coincidence" problems, when trying to relate the observed small and positive value of the cosmological constant to parameters of the Standard Model of elementary particles and its generalizations like the string theory (Sahni & Starobinsky 2000; Bean et al. 2005) . Recent papers have also drawn attention to some other difficulties faced by ΛCDM including tension between the value of H 0 estimated by fitting to the acoustic peaks in the Planck CMB power spectrum (Collaboration et al. 2014; Ade et al. 2016; Aghanim et al. 2018) and that obtained from distance scale estimates (Sahni et al. 2014; Ding et al. 2015; Zheng et al. 2016; Alam et al. 2017b; Shanks et al. 2018) . In order to alleviate these problems, different solutions such as dark energy models have been put forward, including evolving scalar fields, or modifications to general relativity, and other physically-motivated possibilities.
A new class of 'Metastable DE' models was introduced in Shafieloo et al. (2017) . In these models DE decays into other dark sector components of the Universe such as dark matter or dark radiation. The rate of decay of DE depends only upon its 'intrinsic' properties and not on extrinsic considerations such as the rate of expansion of the universe, etc. The metastable DE model was largely inspired by the radioactive decay of heavy nuclei into lighter elements. A total of three metastable DE models were considered, namely, i) DE decays exponentially, ii) DE decays into non-baryonic Dark Matter (DM), iii) DE decays into Dark Radiation. It was found that model II showed less tension between CMB and QSO based H(2.34) BAO data than that faced by ΛCDM. Clearly in order to understand DE, one has to turn to cosmological observations. In previous work, DE models have been discussed in the context of different kinds of cosmological observations Li et al. 2016; Zheng et al. 2017; Shafieloo et al. 2017; Li et al. 2017) . For metastable DE models, Shafieloo et al. (2017) used 580 SNe Ia from the Union-2.1 compilation (Suzuki et al. 2012 ) and four BAO data sets in combination with CMB shift parameters R, l a , to place constraints on the DE parameters. Since then more precise data sets have been released. In this work, we present constraints on two metastable DE models using the SNe Ia Pantheon sample (Scolnic et al. 2017) , latest BAO data from the 6dF Galaxy Survey (6dFGS) (Beutler et al. 2011) , the SDSS DR7 main galaxies sample (MGS) (Ross et al. 2015) , the BOSS DR12 galaxies (Alam et al. 2017a) , newly released eBOSS DR14 (Zhao et al. 2018 ) and high redshift measurement from complete SDSS-III Lyα-quasar cross-correlation function at z = 2.4 (Des Bourboux et al. 2017) in combination with CMB distance priors from final full-mission Planck measurements of the CMB anisotropies Aghanim et al. (2018) ; Chen et al. (2018) . The aim of our analysis is to place constraints on metastable DE models using the latest data, compare metastable DE with ΛCDM, and check whether the H 0 tension has been alleviated. This paper is organized as follows, in section 2 we briefly introduce the Friedmann equations for our model. The observational data to be used including SNe Ia, BAO and distance prior from CMB are presented in section 3. Section 4 contains our main results and some discussion. We summarize our results in section 5.
COSMOLOGICAL MODELS
In this work, we test two metastable DE models: (i) in the first DE decays exponentially, (ii) in the second DE decays into non-baryonic dark matter. For comparison, we also place constraints on ΛCDM using the same data sets. We assume that the Friedmann -Lemaître -Robertson -Walker (FLRW) metric is spatially flat that is strongly supported by recent observations (L'Huillier & Shafieloo 2017; Shafieloo et al. 2018; Aghanim et al. 2018) . Under this assumption, the angular diameter distance D A (z) at redshift z can be written as
where E(z) = H(z)/H 0 is the expansion rate and H 0 is the current value of Hubble parameter.
ΛCDM
ΛCDM model is perhaps the simplest of all dark energy models. In it the cosmological constant Λ plays the role of DE. The Hubble parameter in ΛCDM has the form
where Ω m,0 is the current matter density parameter and
is the density parameter associated with dark energy.
Model I: Exponentially decaying DE
In this model, DE decays exponentially aṡ
where Γ is the only free parameter in this equation and Γ > 0 or Γ < 0 means that DE density is decreasing or increasing, respectively. The Hubble parameter obtained from the FRW equations can be written as
Model II: DE decays into DM
In this model dark energy decays into non-baryonic dark matter as follows:
This model is effectively an interacting DE-DM model since when Γ = 0, energy is exchanged between DM and DE. The Hubble parameter for this model can be written as
Here Ω b,0 is the baryon density. Since in this model DE interacts with non-baryonic DM, we need to separate DM density from baryon density. While for metastable DE model I, dark matter and baryon matter can be treated as a whole, e.g.,
For the metastable DE models, the cosmological parameters to be constrained are {Ω m,0 , H 0 , Γ}. Both model I and model II become ΛCDM when Γ = 0. We refer the reader to Shafieloo et al. (2017) for more details about these two DE models.
DATA AND ANALYSIS
In this work, we consider the combination of three different kinds of cosmological probes to put constraints on DE models, including SNe Ia as standard candles and BAO together with CMB as standard rulers.
Type Ia Supernovae
In their role as standard candles, SNe Ia have been of great importance to measure cosmological distances. In our analysis, we use the new "Pantheon" sample (Scolnic et al. 2017) , which is the largest combined sample of SN Ia and consists of 1048 data with redshifts in the range 0.01 < z < 2.3. In order to reduce the impact of calibration systematics on cosmology, the Pantheon compilation used cross-calibration of the photometric systems of all the subsamples used to construct the final sample.
Baryonic Acoustic Oscillations
The second data set used in our analysis is BAO. It includes lower redshift BAO measurements from galaxy surveys and higher redshift BAO measurement from Lyman-α forest (Lyα) data. For the lower redshift BAO observations, we turn to the latest measurements of acoustic-scale distance ratio from the 6-degree Field Galaxy Survey (6dFGS) (Beutler et al. 2011) , the SDSS Data Release 7 Main Galaxy sample (MGS) (Ross et al. 2015) , the BOSS DR12 galaxies (Alam et al. 2017a ) and the eBOSS DR14 quasars (Zhao et al. 2018) , while the higher redshift BAO measurement is derived from the complete SDSS-III Lyα quasar cross-correlation function at z = 2.4 (Des Bourboux et al. 2017) . Details of the BAO measurements are listed in Table 1 .
Cosmic Microwave Background
We include CMB into our analysis by using the CMB distance prior, the acoustic scale l a and the shift parameter R together with the baryon density Ω b h 2 . The shift parameter is defined as
and the acoustic scale is
where r(z * ) is the comoving distance to the photondecoupling epoch z * . We use the distance priors from the finally release Planck TT, TE, EE +low E data in 2018 (Chen et al. 2018) , which makes the uncertainties 40% smaller than those from Planck TT+low P.
When using SNe Ia and BAO as cosmological probes, we use a conservative prior for Ω b h 2 based on the measurement of D/H by Cooke et al. (2018) and standard BBN with modelling uncertainties. The constraint results are obtained with Markov Chain Monte Carlo (MCMC) estimation using CosmoMC (Lewis & Bridle 2002) .
In our analysis, four kinds of combined data sets are considered: 1) Pantheon compilation in combination with BAO data from 6dFGS, MGS and BOSS DR12. 2) We add BAO data from eBOSS DR14 to the first data set. 3) Adding high redshift BAO measurement from Lyα to the second data combination. 4) Finally, we include the CMB distance prior to the full combination of data sets.
RESULTS AND DISCUSSION
We first show the constraints for the ΛCDM model in Fig. 1 where the different colors denote the results from different data combinations. The left plot shows the 1D marginalized results for Ω m,0 h 2 and the right plot presents the 2D marginalized 1σ and 2σ contours of Ω m,0 vs H 0 . In the right plot, we also show the H 0 constraints from Riess et al. (2016) in the cyan shadow. The best fit for cosmological parameters of ΛCDM and their 1σ uncertainties are summarized in Table 2 . We also show the χ 2 from each data combination in Table 2 . From Table 1 . BAO measurements used in our analysis. Here r d is the comoving sound horizon at the baryon drag epoch z drag , and Bourboux et al. (2017) . 2 and right plots shows the 1σ and 2σ contours for Ωm,0 vs H0. The cyan shadow in the right plot give H0 results from Riess et al. (2016) and we show the constrain results from different data sets in different color. Shafieloo et al. (2017) . It is important to emphasis here that one of our main aims is to see whether we can alleviate this tension by analyzing the metastable DE models using current data sets.
In Fig. 2 we show the results for the metastable DE model I, in which DE decays exponentially. We show the 1D likelihoods for Ω m,0 h 2 and Γ/H 0 in the upper plots and the 2D marginalized 1σ and 2σ contours in the lower plots. As before, different colors imply different data combinations. The two left plots should be compared with Fig. 1 . The best fit for the cosmological parameters of model I and the marginalized 1σ uncertainties as well as the χ 2 of each data combination are presented in Table 3 . Compared with ΛCDM, the confidence contours are much larger. However, the H 0 tension between higher redshift BAO measurements from Lyα and CMB increases. Lower matter density and lower Hubble parameter are favoured by adding high redshift BAO measurements from Lyα.
Moreover, from the two right plots of Fig. 2 we can see that the constraint on Γ/H 0 obtained with Pantheon+BAO(6dF+MGS+DR12) (grey curves) support Γ < 0 while the results obtained with Pantheon+BAO(6dF+MGS+DR12+DR14) (green curves) support either Γ < 0 or Γ > 0, which means that Pantheon+BAO(6dF+MGS+DR12) data suggest that the DE density is increasing, while for Pantheon in combination with BAO(6dF+MGS+DR12+DR14) the best fits on Γ don't show any preference for the DE density to be either increasing or decreasing. However, adding Lyα BAO data into the analysis gives Γ > 0 (red curves), which means DE density decays with time, in other words the DE density at earlier times was larger than at present. On the other hand, results obtained after including the CMB distance prior lie close to Γ = 0 (blue curves) suggesting that ΛCDM is preferred by the CMB data set. This might be due to the fact that CMB distance priors are obtained assuming ΛCDM cosmology.
In Fig. 3, Fig. 4 , Fig. 5 and Fig. 6 , we show the Hubble parameter as a function of redshift H(z), the equation of state of dark energy as a function of redshift w(z), the Om diagnostic Om(z) = (h 2 (z) − 1)/[(1 + z) 3 − 1] and the deceleration parameter q(z) = −Ḣ/H 2 − 1 for the metastable DE model I. We plot 100 samples for these parameters randomly chosen from within 2σ range of the MCMC chains corresponding to different data sets. Table 4 . From the left bottom plot and Table 4 , we can see that adding BAO measurement from Lyα makes the best fit of Ω m,0 larger than it obtained without BAO measurement from Lyα. While the constrain results for H 0 become lower when including BAO measurement from Lyα. However, adding CMB distance prior to the data set pushes the results back to higher H 0 and lower Ω m,0 . The H 0 tension still exists between CMB and BAO measurement from Lyα. However, as can be seen from the upper left plot, Ω m,0 h 2 agrees well between CMB and BAO measurement from Lyα since the degeneracy of contours for Ω m,0 and H 0 changes. Now let's look at the two right plots, which focus on the constraints on Γ from observations. As mentioned earlier, Γ > 0 implies that DE decays into dark matter, while Γ < 0 means the opposite: dark matter decays into DE. Our model becomes ΛCDM when Γ = 0. We find that, with Pantheon in combination with BAO data from 6dFGS, MGS and BOSS DR12, the best fit for Γ supports the transfer of energy from dark matter to dark energy, while adding BAO measurements from eBOSS DR14 and Lyα favours the opposite. Including CMB distance prior to the analysis gives Γ 0, which means that the DE energy density remains unchanged.
In Fig. 8 , Fig. 9 and Fig. 10 , we also show the Hubble parameter as a function of redshift H(z), the Om diagnostic Om(z) = (h 2 (z)−1)/[(1+z) 3 −1] and the deceleration parameter q(z) = −Ḣ/H 2 − 1 for the metastable DE model II, respectively. We plot 100 samples for these parameters randomly chosen from within 2σ range of the MCMC chains corresponding to different data sets. In Fig. 11 , we show the H(z) samples within 2σ confidence level for different cosmological models obtained Figure 11 . Hubble parameter for different cosmological models constrained with two different data sets described above.
While for the metastable DE model I, which is shown in the middle plot of Fig. 11 , there is apparently no overlap. The results for the metastable DE model II are shown in the right plot of Fig. 11 , which is similar to ΛCDM.
Using current data sets of SNe Ia, BAO and CMB, we find that the H 0 tension between CMB and BAO measurements from Lyα existing in ΛCDM model (see Fig. 1 ) become larger when compared with the results obtained from previous data sets (see Fig. 1 in Shafieloo et al. (2017) ) and metastable DE models cannot reduce this H 0 tension. Including the CMB distance prior to our analysis shows that both model I and model II are consistent with ΛCDM model, while without CMB data, the results from Pantheon in combination with BAO(6dF+MGS+DR12+DR14+Lyα) support that DE density is decaying (exponentially for the model I and into dark matter density for the model II).
SUMMARY
In this work, we revisit two metastable DE models proposed in Shafieloo et al. (2017) confronting them with the Pantheon SNe Ia sample, BAO measurements derived from 6dFGS, the SDSS DR7 MGS sample, the BOSS DR12, the eBOSS DR14 and high redshift BAO measurement from the Lyα forest in combination with the CMB distance prior from the final Planck release in 2018.
In the metastable DE models, the DE density decays exponentially in the model I and decays into dark matter in the model II (the reverse process DM → DE is also permitted). The specific feature of these two models is that the decay rate is a constant and depends only on intrinsic properties of dark energy and not on other factors such as cosmological expansion, etc.
We estimate some key cosmological parameters assuming standard ΛCDM on the one hand, and the two metastable DE models on the other. We find that with current data sets, the Ω 0m h 2 tension between CMB and high redshift BAO measurement from Lyα becomes significant in ΛCDM and also in the model I. The model II shows slightly better consistency. We should note that the degeneracy direction for Ω m,0 vs H 0 for the model II is different from the model I, that makes constraints on the derived parameter Ω m,0 h 2 to agree better with CMB and high redshift BAO measurements. Marginalised probability distribution function for H 0 in the metastable dark energy models including supernovae and all BAO data (except the Lyα BAO data) shows clear consistency with the results including Planck CMB constraints. However, including Lyα BAO data (and without Planck CMB measurements) changes the constraints on H 0 dramatically, lowering it to a central value of 62 km/sec/Mpc. Since local measurements of the Hubble constant place its value to be around 73 km/sec/Mpc, the situation seems to be very conflicting. In fact Lyα BAO data, Planck CMB data and the local measurement of H 0 , each pull our models to a different region in parameter space. This could be due to tension between different data sets. Possible resolutions of this dilemma might lie in systematics in some of the data, a more complicated form of the expansion history (which needs to be reconstructed carefully to satisfy all observations) or an unconventional model of the early Universe (Hazra et al. 2018) .
By the time we were finalising our work, a recent work by Riess et al. (2019) came out and in their work they showed a larger H 0 tension between locally measurement and the value inferred from Planck CMB and ΛCDM. It is therefore extremely important to understand the nature of these tensions. 
